effects on energy metabolism, signal transduction, and neurotransmission. (5) (6) (7) .
Culture strains [Entamoeba polecki (subtype (ST)-1 and ST-3), Entamoeba suis, and Endolimax sp.] were previously isolated from swine using Robinson's medium supplemented with a Desulfovibrio sp. derived from these animals. During the culture, ferrous sulfide (FeS)-like black colored precipitate was sometimes observed in the culture media in which amoebae of those isolates thrived. Hence, in the present study, we investigated the growth-promoting effect on E. polecki (subtype 1: TDP-5), which exhibits the highest rate of proliferation among the four isolates and is a zoonotic species infecting humans (8) , and used the reference strain Desulfovibrio sp. [Desulfovibrio desulfuricans subsp. desulfuricans (NBRC13699)] instead of a Desulfovibrio sp. derived from swine.
Materials and Methods

Amoeba isolates from swine
The present study used amoebae isolated from swine bred at the Kitasato University School of Veterinary Medicine (Towada, Aomori, Japan), and the study was conducted according to the protocols approved by the Institutional Care and Use Committee of Kitasato University (Approval number: . The isolated culture strains were E. polecki ST-1 (TDP-5), E. polecki ST-3 (TDP-1; synonym: Entamoeba struthionis), E. suis (TDP-3), and Endolimax sp. (TDP-2). E. polecki ST-2 (SZM-1; synonym: Entamoeba chattoni) isolated from the stool of a wild monkey (Macaca fuscata fuscata) in Shizuoka, Japan, was used as a reference strain of E. polecki species that is not indigenous to swine.
Robinson's medium and supplements
Robinson's, R (defined medium for Escherichia coli) and BR (R medium precultured with E. coli) media were prepared as described by Robinson (9) . The sulfate-reducing bacterium Desulfovibrio desulfuricans subsp. desulfuricans (NBRC 13699; NITE Biological Resource Center, Japan) and E. coli (type B: DH5α) (Ec) were individually cultured in a modified medium (M-ATCC 207) designed based on ATCC 210-modified Starkey's medium C (ATCC 207 (2016); American Type Culture Collection, USA) (10) and R medium by Robinson, respectively (9) . The modified medium was prepared as follows. The following components were dissolved in 900 mL ultrapure water and brought to a final volume of 1 L: 5 g NaCl, 2 g citric acid monohydrate, 0.5 g KH 2 PO 4 , 0.1 g (NH 4 ) 2 SO 4 , 50 mg MgSO 4 ·7H 2 O, 1 g Na 2 SO 4 , 0.1 g CaCl 2 , 50 mg ferrous ammonium sulfate, 4 mL lactic acid, 75 mg L-cysteine hydrochloride, 1 g yeast extract, and 1 mg bromothymol blue. The pH was adjusted to 7.5 using approximately 7.5 mL of 10 N NaOH. After filtersterilizing the medium, 20-mL aliquots were added to 50-mL culture flasks. D. desulfuricans (Dd) and Ec grown in this medium in anaerobic and aerobic conditions, respectively, were mixed at equal volumes in a baffled polycarbonate Erlenmeyer culture flask (Falcon; BD Biosciences, Durham, NC, USA) and cultured at 35.5°C for 2 days. The flask lid was closed and the flask was incubated at 24-27°C, and used within 2 weeks. A suspension containing Dd co-cultured with Ec (Dd/Ec) (H 2 S: approximately 1,500 μmoles/L) was added just before the subculture of the amoebic isolates, as a supplement. Anaeropack-Anaero (Mitsubishi Gas Chemical Co., Inc., Chiyoda-ku, Tokyo, Japan) was used to absorb oxygen in the closed vessel. Glass vials (SV-8, 8 ml (exact capacity: 9.5 mL); Nichiden-Rika Glass Co., Ltd., Kobe, Hyogo, Japan) with screw caps, silicon packing, and sloped saline agar (4 mL) were used to cultivate the amoebic isolates.
The FeS-rich compound was obtained from the cultured medium of Dd/Ec by centrifugation (275 × g, 5 min). The precipitate was sterilized with 5 mL of 2N NaOH for over 24 hours. The precipitate was washed with 8 mL of Hanks' balanced salt solution (HBSS), pH7.4, with 0.002% phenol red, by centrifugation (275 × g, 5 min) for 3 times, and finally adjusted to approximately 0.5% (vol/vol) suspension with HBSS.
Culture of amoebic isolates
After establishing the amoeba strains, Dd/Ec (100 μL) was added to 1.5 mL of fresh Robinson's medium, and inoculated with amoeba suspension (1 mL), for subculture. Then, 1 mL of amoeba suspension was aspirated after mixing well and was added back to the first culture medium (final air space: ~37.2%).
T h e H 2 S d e t e c t a b l e S I M m e d i u m ( N i s s u i Pharmaceutical Co., LTD, Taito-ku, Tokyo, Japan) was used to determine the viability of Dd in Dd/Ec under aerobic culture conditions. The concentration of H 2 S produced by Dd was assayed quantitatively using a HSip-1 kit (Dojindo Molecular Technologies, Inc., Rockville, MD, USA) and a multimode microplate reader (Cytation 5, BioTek;
BioTek Japan, Taito-ku, Tokyo, Japan).
Partially purified FeS-rich compounds derived from Dd/Ec were also supplemented, instead of Dd/Ec, under the existence of sufficient H 2 S produced by Dd which was spontaneously proliferated and subcultured along with amoeba. The concentration of the FeSrich compounds in the medium as a supplement was determined by referring to a study on the toxic effects in axenic culture of Entamoeba dispar (AS16IR) (11) . This study was chosen as the growth of AS 16 IR is more easily affected by toxic substances than that of other axenic amoebic culture strains.
suspected Endolimax species were used to obtain clones of the Endolimax 18S rRNA gene using a Qiagen PCR cloning kit (Qiagen, Com., Venlo, Netherlands).
Sequencing and phylogenetic analysis
The PCR products were directly sequenced using an ABI Prism BigDye Terminator v3.1 cycle sequencing ready reaction kit and an ABI Prism 3500 genetic analyzer (Applied Biosystems Japan, Ltd., Chuo-ku, Tokyo, Japan). Multiple alignment and phylogenetic analysis of the 18S rRNA gene sequences of the Entamoeba and Endolimax species were performed using ClustalW and the maximum-likelihood (ML) method using the MEGA version 6 software, respectively (14, 15) . The ML tree was derived using the Tamura-Nei model employing estimates of the proportion of invariable sites and the gamma distribution with five rate categories. Statistical significance was evaluated by bootstrapping with 1,000 replicates. The ML tree data files were visualized using MEGA version 6.
Measurement of the individual cysts and trophozoites of each species of amoebic isolate
The long and short diameters (l.d. and s.d.) of the individual cysts in fresh stool suspensions in deionized water and those of trophozoites isolated using the culture system were measured on a screen display using a microscope digital camera and the measuring tool of imaging software (cellSens, ver. 1.7.1; Olympus Co., Shinjuku-ku, Tokyo, Japan). The mean values were calculated from measurements of 50 trophozoites and cysts of each amoebic isolate.
Trichrome staining
Trichrome staining was carried out according to the protocol described by Wheatley (12) . However, a basic solution of Kohn's stain was used as a fixative instead of Shaudin's fixative, which contains mercuric chloride (13).
DNA isolation and amplification by polymerase chain reaction (PCR)
DNA was isolated from approximately 1 × 10 5 -2 × 10 5 amoeba cells suspended in 100 μL of 10 mM phosphate-buffered saline (pH 7.4) using a Cica Geneus total DNA prep kit for tissue (Kanto Chemical Co., Chuo-ku, Tokyo, Japan). DNA samples from the isolates of E. polecki, E. suis, and the Endolimax species were used as templates for the PCR amplification of 18S ribosomal RNA (rRNA) genes. Three primer sets each for E. polecki ST-1 and ST-3 (Ent-1F and Esuis-1R, Epol-2F and Epol-2R, and Epol-3F and Ent-3R), E. polecki ST-2 (Ent-1F and Echat-2R, Echat-1F and Epol-2R, and Epol-3F and Ent-3R), and E. suis (Ent-1F and Esuis-1R, Esuis-2F and Esuis-2R, and Esuis-3F and Ent-3R), as well as a separate primer set (Ent-1F and Ent-3R) for the Endolimax species, were used (Table 1) . Amplification was performed in a 20-μL reaction volume containing 2 μL of 10× Ex Taq buffer, 4 μL of 2.5 mM of each dNTP, 2 μL of each primer (10 μM; Table 1 ), 0.2 μL of 5 U/μL Ex Taq (Takara Bio, Inc., Kusatsu, Shiga, Japan), and 9.8 μL of H 2 O. The following cycle parameters were used: initial denaturation at 94°C for 5 min; 35 cycles of 94°C for 30 s, 58°C for 30 s, and 72°C for 1 min; and a final extension at 72°C for 5 min. The PCR products of the 
Correlation between the amount of air space and growth of E. polecki ST-1 (TDP-5)
The growth-promoting effects of Dd/Ec and FeS compounds were determined by assaying the growth kinetics of the amoebic isolates, which was done by estimating the number of amoebae in cultures using a Fuchs-Rosenthal counting chamber every 24 h.
2.9. Effect of iron-sulfide compounds on the growth of E. polecki Prior to this experiment, the amoebae were washed with HBSS by centrifugation (275 × g, 5 min) twice for removing H 2 S from the culture medium. Thereafter, the growth kinetics of the washed amoebae in different culture conditions -without Dd/Ec, with Dd/Ec (100 μL), with ferric ammonium citrate (Fe) (1 mg/mL, 100 μL) -were observed.
Results
Molecular identification and measurement of the cultured isolates
The 18S rRNA gene sequences of E. polecki ST-1 (TDP-5; LC230016), E. polecki ST-3 (TDP-1; LC230018), and E. suis (TDP-4; LC230019) were consistent with all the previous reports on these subtypes and species (16) (17) (18) . Phylogenetic analysis results pertaining to the 18S rRNA gene sequences of the three isolates of E. polecki (ST-1, ST-2, and ST-3) and E. suis are shown in Figure 1 . The macaque isolate was identified as E. polecki ST-2 (SZM-1; LC230017). However, 0.5% of its sequence was different from the previously reported sequence of E. polecki ST-2 , which were genetically identified as E. suis (TDP-4) (2), were isolated from the corresponding cysts which were highly transparent, such that fungal filaments could be observed clearly through the cysts covering them, with mean length (l.d × s.d.) 16.13 ± 1.51 × 15.38 ± 1.34 μm (Figure 2 [4A] ). The characteristics of the cysts were consistent with those of E. suis cysts described in the first report on this species by Clark et al (2) .
Phylogenetic analysis of the five clones of the Endolimax species (Figure 3 ) showed some divergence in the 18S rRNA gene sequences (0.99-1.74%). The cause for this divergence is not clear. The 18S rRNA gene sequences of the five clones of Endolimax species (TDP-2; LC230011-LC230015) showed 85.3-85.8% homology with the sequence of Endolimax nana NIH:0591:1 (AF149916) registered in the GenBank database (18) . The significant divergence between these clones and E. nana indicated that the Endolimax species (Figure 2 [5A1, 5A2, and B] ).
Correlation between the amount of air space with the growth of E. polecki ST-1 (TDP-5)
H 2 S concentrations in the seven conditions examined are shown in Figure 4 . The concentration of H 2 S in the medium was ~800 μmoles/L, ~ 250-400 μ moles/L, and ~ 20-30 μ moles/L when the air space was < ~ 5%, ~ 30-40%, and in an anaerobic vessel, respectively. The amoebae, when supplemented with Dd/Ec (100 μL), thrived in culture bottles with an air space of 30-40% (aerobic), but did not grow at all when the air space was < 5% (microaerobic) or in anaerobic vessels (data not shown). The growth kinetics of the amoebae when supplemented with Dd/Ec (100 μL), FeS (100 μL), and Fe (50 μL) maintained in culture bottles with 30-40% air space are shown in Figure 5 . The growth kinetics of the amoebae were affected by the amount of H 2 S dissolved in the medium. The suitable concentration of H 2 S for their growth seemed to be around ~ 250-400 μ moles/L with an appropriate amount of FeS compounds. When growth occurred in medium supplemented only with Fe, it is thought that some FeS compound was produced by reacting Fe with H 2 S derived from spontaneously subcultured Dd (Dd was confirmed by H 2 S-detectable SIM medium).
Effect of iron-sulfide compounds on the growth of E. polecki ST-1 (TDP-5)
As shown in Figure 6 , the group without Dd/Ec (100 μL) did not proliferate, but the growth of Dd/Ec (100 μL) and Fe-supplemented groups drastically recovered after 3 days of culture. The results showed that amoebae could not proliferate in either H 2 S-or FeS compound-depleted conditions. Surviving Dd in both culture media after 3 days from the group without Dd/Ec (100 μL) and the Fesupplemented group was confirmed by SIM medium, whereas amoeba was recovered only in the group supplemented with Fe.
Discussion
We previously found that an appropriate volume (approximately 400 μL) of Dd/Ec culture suspension in BR or in complete Robinson's medium induced excystation of trophozoites from swine amoeba cysts used in this study, even after the cysts were washed with distilled water by centrifugation (275 × g for 3 min) twice (data not shown).
B a s e d o n t h e s e r e s u l t s , a c u l t u r e s y s t e m supplemented with Dd/Ec was established which enabled the first-time continuous culture of four parasitic amoebic species (E. polecki ST-1 and ST-3, E. suis, and an Endolimax species) from swine, and could be subcultured for over two years. In this culture system, it was hypothesized that Dd itself, H 2 S derived from Dd, and some FeS compounds produced by reaction with exogenous iron might function as important physiologically active compounds such as components of electron carriers (e.g. FeS, ferredoxin, etc.). These electron carriers participate in anaerobic energy metabolism (19) (20) (21) and are involved in the growth of the amoeba species from swine used in this study and a reference strain of E. polecki from macaque. This theory is further supported by an interesting report by Reeves et al. (22) which stated that ferredoxin isolated from Entamoeba histolytica (pathogenic Entamoeba species) could be converted to an apoprotein and be experimentally reconstituted with iron and H 2 S.
The culture system with aerobic conditions (airspace of 30-40%) provided a suitable condition for the growth of the amoebic isolates. This might result from 1) lactic acid in R mdium; and H 2 , aerobic metabolic products of Ec; and ionized H 2 produced from H 2 S in the medium by reaction with sufficient oxygen from Dd itself, were available as energy sources for the growth of Dd and 2) large airspace and small liquid phase of the medium can consume the excess H 2 S dissolved in the medium. Dissolved H 2 S in the culture medium at this concentration (~ 250-400 μ moles/L) practically eliminated the contamination by aerobic fungi and bacteria that often inhibit the growth of amoebic isolates (data not shown).
In these culture conditions, Dd could also be A, B , and C on days 2 and 3 after inoculation were confirmed to be statistically significant. subcultured in the fresh medium along with the amoebae. However, sometimes Dd/Ec culture suspension, Fe or partially purified FeS compound from the culture suspension had to be added to the medium for successful subculture of the amoeba isolates, even though the medium already had serum iron from the Robinson's medium. D. desulfuricans is also known to contain a ferredoxin including the cluster [4Fe-4S] (23). Hence, bacterial cells might also represent a source of FeS compounds. Indeed, a previous case report indicated that the trophozoites of E. polecki co-infected with Lawsonia intracellularis which belongs to the same family as D. desulfuricans, were observed in a lesion of ileitis caused by L. intracellularis, an irregular parasitic location (3) .
The 18S rRNA gene sequences of the five clones of the Endolimax species obtained by plasmid cloning were not identical, and the reason for this is unclear. El-Sherry et al. (24) reported similar differences in the 18S rRNA gene sequences of coccidian protozoan parasites, resulting in multiple 18S rRNA gene sequences obtained from two single oocyst-derived lines of Eimeria meleagrimitis and Eimeria adenoids. Therefore, this indicates that divergent and paralogous 18S rRNA gene copies clearly exist within the nuclear genome of E. meleagrimitis.
The growth-promoting mechanism of this culture system could not be understood entirely. However, sulfur and iron derived from the Dd/Ec cultured medium had a critical and fast-acting effect on the proliferation of the amoeba species. Therefore, if the growth-promoting substance and its physiological activities could be elucidated, it may be utilized for further research on pathogenic mechanisms and the development of therapeutic agents against pathogenic protozoan species that possess an anaerobic energy metabolism involving iron, sulfur, and FeS compounds. While considering the difference between this limited in vitro culture condition and an actual in-vivo state in the intestine, the culture system could also be used to isolate other Entamoeba species such as Entamoeba histolytica, Entamoeba coli, and Entamoeba muris (25) , among others.
